Abstract. New high precision polarization measurements of the proton elastic form factor ratio in the Q 2 range from 0.3 to 0.7 [GeV/c] 2 have been made. These elastic H(e,e'p) measurements were done in Jefferson Lab's Hall A using 80% longitudinally polarized electrons and recoil polarimetry. For Q 2 greater than 1 [GeV/c] 2 , previous polarization data indicated a strong deviation of the form factor ratio from unity which sparked renewed theoretical and experimental interest in how two-photon diagrams have been taken into account. The new high precision data indicate that the deviation from unity, while small, persists even at Q 2 less than 1 [GeV/c] 2 .
INTRODUCTION
Understanding the four-momentum transfer squared, Q 2 , dependence of the proton's electro-magnetic form factors is fundamental to understanding the proton and as well as a necessary input parameter in many calculations. Cross section measurements generally show that the ratio of the proton's electric to magnetic form factor is basically unity [1] , while at Q 2 > 1[GeV/c] 2 recoil polarization measurements [2, 3, 4, 5] as well a beam-target polarization measurement [6] have observed a deviation from unity. At this time, the most likely cause for the difference between the cross section results and the polarization results is the two-photon part of the radiative corrections [7] .
RADIATIVE CORRECTIONS
It is important to understand that two-photon diagrams have been included in the standard cross section radiative corrections such as Mo and Tsai [8] , but they have been included with varying degrees of approximation. For example, the Feynman diagrams for Mo and Tsai's approach are shown in Fig. 1 where the proton's structure is neglected and the two-photons were only allowed to have either all the four-momentum transfer or none.
Recent calculations of radiative corrections not only integrate over all possible photon energies and the proton's structure, but even allow the proton within the box-diagrams to be off-shell as shown in Fig. 2 . These effects make the calculations particularly challenging as it is the proton's structure that one is trying to determine [9, 10, 11, 12] In fact, the unexpected discrepancy in the cross section and asymmetry measurements should, in the long run, dramatically improve our understanding of not only radiative Handbag Diagram pQCD Diagram FIGURE 2. Shown are the handbag and pQCD diagrams for handling the two-photon corrections in a more detailed picture. In the handbag diagram the virtual photons couple to a single parton, while in the pQCD diagram, the virtual photons couple to different partons with a gluon coupling the last two partons together.
corrections, but also the proton's structure.
LOW Q 2 FORM FACTOR MEASUREMENTS
The observed discrepancy between cross section and asymmetry measurements as well as the calculation of the two-photon corrections has focused on Q 2 > 1 [GeV/c] 2 . Previous low Q 2 polarization measurements [13, 14] [17, 18] along with a lead glass calorimeter used for tagging the elastic electrons. In addition, a 6 cm long liquid hydrogen target was used along with 80% longitudinally polarized electrons from the Continuous Electron Beam Accelerator Facility (CEBAF) [19] . As knowledge of the spin precession within the high resolution spectrometer is critical for the extraction of the form factors, three different HRS momentum settings were used for each of the kinematics shown in Table 1 . This was possible since the nominal momentum bite of the HRS is ± 4.5%, so by choosing momenta of 0% and ±2% around the nominal elastic kinematic settings, we changed the spin precession while still staying well within the nominal acceptance of the device. Each of these settings was also measured to 1-2% statistics so that systematic effects could be studied and not confused with statical fluctuations. It is worth noting that spin precession of spin-1/2 particles though a dipole magnetic field is extremely well understood; it is possible to calculate the thousands of degrees of spin precession the polarized electrons at CEBAF undergo as they travel five times around the accelerator [20] . In order to also take into account the effects of the super-conducting quadrupoles in the HRS, COSY, a spin transport modelling program, is used. For events with rays that pass near the central ray of the spectrometer, the COSY model and the simple dipole model agree. Without using COSY, as one goes away from the central ray in angle, a strong slope can be seen in the form factor ratio. This slope goes away once the COSY spin matrix is applied.
The preliminary results of this experiment indicate that the deviation of the ratio of the form factor smoothly continues into the low Q 2 and that there is no sharp transition to unity around Q 2 equal to one. It does appear that a rapid change in the ratio must occur for the Q 2 less then 0.3 [GeV/c] 2 either with a rise to zero such as in relativistic pQCD models [21] or with a rise above one near Q 2 of 0.1 [GeV/c] 2 and then a return to unity at a Q 2 of zero. TABLE 1. Shown are the central angles and momentum for the high resolution spectrometer used for proton detection and the kinematics for the BigBite spectrometer used for electron detection. For each Q 2 , three different spectrometer momentum settings were used; all within the nominal momentum acceptance of the spectrometer. 
NUCLEONS IN DEUTERIUM
The simplest system in which to study a bound nucleon is the deuteron. Polarized beam and vector polarized target experiments at NIKHEF showed that at low Q 2 the D(e,e'p)n reaction asymmetry was the same as the H(e,e'p) elastic asymmetry and only at missing momentum greater than approximately 100 [MeV/c] was an appreciable deviation observed [22] . The MIT-Bates recoil polarization experiment also didn't see any large difference between hydrogen elastic and low missing momentum deuteron quasi-elastic scattering [23, 24] . This seems to contradict the recoil polarization results of B. Hu et al. [25] where a deviation was reported. Since the data of B. Hu was taken with the same equipment as the new high precision hydrogen data, it is straightforward to include the new results and look at the ratios again as shown in Table 2 . By doing this, the χ 2 /n of the hypothesis of a ratio of one goes from 1.7 to 0.7. Thus, within experimental uncertainties, the low missing momentum data are consistent with no effect. It is now clear that what drove the original deviation was a high free proton form factor ratio. The current result again validates the common technique of extracting neutron properties from reactions on neutrons in a deuteron target, with small theoretical corrections. [25] along with the new proton form factor data from E08-007. By including the new data, the χ 2 /n of a flat line fit of the ratio goes from 1.7 to 0.7; thus indicating the low P m (e,e'p) reaction from deuterium is consistent with the free proton case. Do note that for the high Q 2 point of 1.61, there are large systematics errors in determining the individual ratios that cancel in the ratio. 
FUTURE EXPERIMENTS
It would be very interesting to push high precision proton form factor measurements to lower Q 2 , but the technique of recoil polarization requires protons with reasonable momenta, so it is not feasible to go to lower Q 2 with the setup described herein. With an electron-proton collider, it would be possible to get to lower Q 2 due to the boost of the proton's momentum, or one can do the measurement with a polarized beam and a fixed target where only the scattered electron needs to be detected. Such an experiment is planned for 2012 at Jefferson Lab as the second half of experiment E08-007 [15] and will cover the Q 2 range from 0.015 to 0.4 [GeV/c] 2 . If two-photon diagrams are truly the solution to the discrepancy between the cross section and the asymmetry experiments, this should be clearly seen in the upcoming high precision electron-proton and positron-proton cross section ratio experiments such as the Jefferson Lab's Hall B experiment [26] presented herein by B. Raue (FIU), the VEPP-III experiment [27] and the Olympus experiment at DESY [28] .
